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This paper describes innovative sensing sheets for spatial mapping of surface strain

and crack damage. The flexible substrates include a full integration of an array of

strain sensors along with digital circuitry for power harvesting and signal processing.
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ABSTRACT | Accurate and reliable damage characterization
(i.e., damage detection, localization, and evaluation of extent)
in civil structures and infrastructure is an important objective
of structural health monitoring (SHM). Highly accurate and re-
liable characterization of damage at early stages requires
continuous or quasi-continuous direct sensing of the critical
parameters. Direct sensing requires deploying dense arrays
of sensors, to enhance the probability that damage will result
in signals that can be directly acquired by the sensors.
However, coverage by dense arrays of sensors over the large
areas that are of relevance represents an enormous challenge
for current technologies. Large area electronics (LAE) is an
emerging technology that can enable the formation of dense
sensor arrays spanning large areas (several square meters)
on flexible substrates. This paper explores the requirements
and technology for a sensing sheet for SHM based on LAE
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and crystalline silicon CMOS integrated circuits (ICs). The
sensing sheet contains a dense array of thin-film full-bridge
resistive strain sensors, along with the electronics for strain
readout, full-system self-powering, and communication. Re-
search on several stages is presented for translating the sens-
ing sheet to practical SHM applications. This includes
experimental characterization of an individual sensor’s re-
sponse when exposed to cracks in concrete and steel; theo-
retical and experimental performance evaluation of various
geometrical parameters of the sensing sheet; and develop-
ment of the electronics necessary for sensor readout, power
management, and sensor-data communication. The concept
of direct sensing has been experimentally validated, and the
potential of a sensing sheet to provide direct sensing and suc-
cessful damage characterization has been evaluated in the
laboratory setting. A prototype of the sensing sheet has also
been successfully developed and independently characterized
in the laboratory, meeting the required specifications. Thus, a
sensing sheet for SHM applications shows promise both in
terms of practicality and effectiveness.

KEYWORDS | Civil structures and infrastructure; CMOS inte-
grated circuits (ICs); damage detection and localization; hybrid
system; large area electronics (LAE); strain sensing sheet;
structural health monitoring (SHM)

I. INTRODUCTION

Structural health monitoring (SHM) is a process aimed
at providing accurate and timely information concerning
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structural condition and performance [1]. It is also re-
ferred to as the process of implementing strategies and
systems for structural damage identification [2]. It re-
quires permanent continuous, periodic, or periodically
continuous recording of representative parameters from a
monitored structure over short or long periods, as well as
transforming the collected data into information on struc-
tural health condition and performance [1]. Fundamen-
tally, the parameter of greatest interest in civil structures
and infrastructure is stress. The reason is that structural
materials fail when the stress reaches yielding point or
exceeds the strength of the material. Unfortunately, there
are no practical means to monitor stress in a real-world
structure. On the other hand, strain is directly correlated
with stress, making it an important parameter to monitor
in SHM applications. Any change in the stress field (e.g.,
due to damage) implies a change in the strain field, which
can be detected by an appropriate strain-sensing SHM
system. Thus, in this paper, the focus is on strain as the
primary monitoring parameter, and this choice is further
supported in the following sections.

Ideally, SHM should enable the following actions [3]:
1) detection of unusual behavior (e.g., caused due to dam-
age) in structures (so-called “level I SHM”); 2) indication
of the physical location originating the unusual behavior
(i.e., so-called localization of damage or “level II SHM”);
3) quantification of the extent of the unusual behavior
and its origin (so-called “level III SHM”); and 4) action-
able assessment of the structural health and structural
performance (so-called prognosis or “level IV SHM”). De-
tection, localization, and quantification (level III SHM) of
early-stage damage is of particular interest, as it enables
prognosis (level IV SHM) and, consequently, optimiza-
tion of repair and maintenance activities to ensure pres-
ervation of the structure and extension of its life span.

Early-stage damage frequently occurs in the form of lo-
cal strain-field anomalies. Typical examples are bowing
and cracking of steel (which are early indicators of loss of
local stability and fatigue), as well as various types of
crushing and cracking in concrete (which are early indica-
tors of overloading and/or damage caused by frost, alkali
reaction, and corrosion in reinforced bars). Today, only
level I SHM is achievable (some successful examples are
given in [1] and [5]), and even this is only partially and in
specific applications. Early-stage level II and III SHMs are
rarely achieved in practical settings today (some successful
examples are given in [1], [7], and [8]). Hence, the re-
search presented in this paper focuses on monitoring
strain-field anomalies as a means of achieving reliable and
accurate level III SHM, i.e., reliable and accurate damage
detection, localization, and evaluation of damage extent.

The aim of this paper is to explore the requirements
and technology for creating a novel 2-D sensor, called
sensing sheet, which will enable identification of strain-
field anomalies over large structural areas and achieve-
ment of level IIT SHM in real-life settings. The presented
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research includes several stages for translating the sens-
ing sheet to practical SHM applications. Section II intro-
duces the concept of direct sensing, Section III presents
experimental characterization of an individual sensor as
well as theoretical and experimental performance evalua-
tion of various geometrical parameters of the sensing
sheet, and Section IV develops the electronics necessary
for sensor readout, power management, and sensor-data
communication. The paper closes with Section V, where
conclusions and future work are presented. The original
contribution of this paper lays in holistic analysis of all
stages of the research, which led to important conclu-
sions that could not necessarily be inferred from separate
analysis of each individual stage.

II. DIRECT-SENSING APPROACH

A. Real-World Example Motivating Direct Sensing

The direct-sensing approach involves either direct
contact or close proximity of sensors with damage. This
is referred to as direct sensing because it enables a dis-
cernably large change in the output of the sensors in re-
sponse to relevant damage. Thus, it is necessary that the
observed parameter (measured by the sensor) at location
of damage can be significantly altered by the damage
(examples of parameters that enable direct sensing are
strain, electrical impedance, parameters related to me-
chanical wave propagation, etc.). Since the likely loca-
tions of damage within a structure can only be predicted
with limited accuracy, direct sensing requires deploy-
ment of dense arrays of sensors, yet with coverage over
large areas of the structure where damage may be ex-
pected. Provided this, studies show that the great advan-
tage achieved with direct sensing is very high reliability
in damage detection and localization, as well as excellent
accuracy in evaluation of damage extent [4].

As mentioned, however, technologies available today
cannot practically provide direct sensing. Dense arrays of
sensors imply high hardware and deployment costs, as
well as complex data management. Thus, systems for
SHM today are mostly based on indirect sensing, using a
significantly smaller number of sparsely placed sensors.
The primary drawback of this approach is its reliance on
elaborate data-analysis algorithms for extracting damage-
characterization information. In practice, the reliability
of such methods faces major challenges in the presence
of practical environmental influences (i.e., variations in
temperature and humidity) and typical variances in load-
ing conditions [5].

Fig. 1 provides a comparison between direct and indi-
rect sensing using a practical example [6]. The Streicker
Bridge is a footbridge on the Princeton University cam-
pus. This structure has been equipped with an SHM sys-
tem based on long-gauge fiber optic sensors, having
gauge length of 60 cm [4], [6], [7]. In particular, cross-

section P10hll contains three sensors, P10h11U,
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Fig. 1. Example of direct damage (crack) detection in real-life
settings (example taken from Streicker Bridge [6]).

P10h11D, and P10hl1L, all three embedded in the con-
crete deck. Early-age cracking occurred in the section
P10hll in the area of sensors P10h11U and P10h11D. As
shown, the associated sensors are strongly activated, re-
sulting in clearly discernible changes in strain reading,
i.e., at least order of magnitude higher than both the
resolution of the SHM system and the typical back-
ground variations observed due to normal temperature
and loading. Hence, these sensors directly detect and lo-
calize the crack, and the strain measurements provide
substantial information to quantify the crack [4]. At the
same time, the sensor P10h11L, whose position was in
fact less than 1 m away from the cracking zone, did not
register a change in stain that could be reliably discerned
in the presence of the normal background variation (i.e.,
the small change observed is within the range of typical
temperature and loading variations, making damage char-
acterization difficult to achieve).

While this example highlights the inability of indirect
sensing to reliably provide damage information, taking
the three sensors as a modest array, it becomes possible
to see the level of information that can be extracted if a
dense sensing-array technology were available.

Fig. 2 shows strain in a steel plate as a function of
distance from the point of crack initiation (example
taken from the tests presented in Section III-D). Dia-
gram shows that the strain magnitude degrades rapidly
with distance from the crack initiation point. Thus, ini-
tial stages of damage would not be detected by sensors
that are even just a few centimeters away. Conversely, it
could be noticed that because strain magnitudes at and
around the location of crack initiation are substantially
higher than at distances away from the crack, accurate
detection and localization can be achieved.

Both direct and indirect sensing have various advan-
tages and challenges, as discussed in [7] and [8]. However,
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Fig. 2. Example of strain distribution as a function of distance
from strain crack initiation point.

the crucial advantage of direct sensing is the acquisition of
high-quality signals, overcoming the need for complex al-
gorithms, making it possible to achieve high reliability in
damage characterization (detection, localization, and evalu-
ation of damage extent) in practical settings.

B. Need for 2-D Strain Sensing

Currently available technologies offer three classes of
strain sensors: discrete short-gauge sensors [e.g., strain
gauges, vibrating wire sensors, and fiber Bragg grating
(FBG) sensors], discrete long-gauge sensors (low coher-
ence interferometric sensors, specially packaged FBG
sensors, or intensity-based fiber optic sensors), and con-
tinuous (1-D) distributed sensors (sensing cables based
on Brillouin or Rayleigh scattering). The damage detec-
tion performance of these three classes of sensors is
conceptually compared in Fig. 3 considering their direct-
sensing capabilities in a given configuration. The figure
shows that, for short-gauge, long-gauge, and 1-D distrib-
uted sensors, the reliability of damage detection in-
creases with spatial coverage of the structure, i.e., it is
lowest for short-gauge and the highest for 1-D distributed
sensors.

Fig. 3 also illustrates the need for 2-D distributed
sensors. Assuming that the locations of all types of dam-
age cannot be accurately predicted, which is often the
case in practical settings, short-gauge, long-gauge, or 1-D
distributed sensors are likely to miss the areas where
the damage actually occurs (e.g., the locations E1 and
E2 in the figure). This motivates the need for a sensing
technology with greater spatial coverage, namely 2-D
distributed sensing.

The benefits of the direct-sensing approach, and the
need for various forms of 2-D distributed sensing, have
indeed been recognized in several studies. These in-
clude self-sensing cementitious materials [9], various
types of sensing skins based on nanomaterials [10]-[13],
nanopaints [14], conductive polymers [15], photonics
crystals [16], and expandable electronics [17].
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Table 1 comparison of the Electrical Parameters of LAE TFT and
Silicon MOSFETs

Symbol a-Si LAE TFT MOSFET IC (130 nm)
Mobility (pe) Le: 2 cm*/Vs te: 1000 cm?/Vs
taiclectric 280 nm 2.2nm

Vob 6V 12V

Can/as 3.3 fF/um 0.34 fF/um

fr 1 MHz 150 GHz

)
Direct detection of “E” by 2D “sheet” sensor /EZ
% E1 / E3 C1 A1 Cc2 A2
) %# ) %ﬁ;
A A
Damage “A” Damage “B” Damage “C” Damage “E”
Short-gage | Direct, reliable Indirect or Indirect or Indirect or
= detection impossibl impossible impossi
Long-gage Direct, reliable | Direct, reliable Indirect or Indirect or
—_— detection detection impossible impossibl
Distributed Direct, reliable | Direct, reliable | Direct, reliable Indirect or
detection detection detection impossible
2D sensor Direct, reliable | Direct, reliable | Direct, reliable | Direct, reliable
detection detection detection detection

Fig. 3. Conceptual comparison between damage detection
performances of short-gauge, long-gauge, and 1-D distributed
sensors used in direct-sensing approach, and illustration of the
need for 2-D sensing sheets [4].

Large area electronics (LAE) combined with CMOS
integrated circuits (ICs) into a hybrid system called sens-
ing sheet [6], [18]-[21] has been identified by re-
searchers Princeton University as
technological solution that has potential to address the
technical and deployment challenges of large-scale direct

at an emerging

sensing, the ability to enable cost-viable solutions scal-
able to the size of civil structures and infrastructure, and
the possibility of providing early-stage level III SHM.

C. LAE as Technological Enabler for 2-D Strain
Sensing

LAE is based on processing thin-films at low tempera-
tures (< 200 °C). Low-temperature processing has two
characteristics. First, it enables compatibility with a wide
range of materials, making possible the formation of di-
verse transducers for sensing and energy harvesting [22].
Second, it enables compatibility with substrates such as
glass and plastics, which can be large (on the order of
square meters) and flexible. This makes LAE a potentially
transformational technology, enabling coupling to physical
sources of signals and energy on a scale that far surpasses
existing technologies. Indeed, LAE research over the past
ten years has led to an extremely rich set of demonstrated
sensors and energy harvesters. On the sensors side, typical
examples are strain sensors [23], pressure sensors [24],
mechanical force sensors [25], and on the energy har-
vesters side, typical examples are solar harvesters, thermal
harvesters, and mechanical harvesters [26].

However, to address SHM applications, a practical
system requires functionality in addition to sensing. In
particular, this includes instrumentation, to readout sen-
sor data; computation, to perform local data processing
and analysis; power-management, to enable autonomous
operation over extended periods; and communication, to
transmit data and analysis outputs to centralized sources.
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Such functionality is realized through circuits formed
from transistors. While LAE does enable the formation
of low-temperature thin-film transistors (TFTs), these
have electrical performance and energy efficiency that is
far below that of the transistors available in typical elec-
tronic systems based on silicon CMOS ICs. Silicon
CMOS ICs involve processing at high temperatures
(> 1000 °C). This precludes the benefits enabling the
sensors and energy harvesters in LAE, but it results in
orders-of-magnitude higher transistor performance. For
illustration, Table 1 compares the key parameters of
silicon CMOS transistors fabricated in a typical 130-nm
technology with those of TFTs fabricated
amorphous-silicon (a-Si) technology, which is the work-

in an

horse LAE technology used for large flat-panel displays
today [27]. The parameters summarized are as follows:
te is the mobility of electron current carriers, which
specifies how fast carriers move through a material sub-
jected to electric field, e.g., via application of a voltage;
tdielectric 1S the gate-dielectric thickness, which determines
how many current-causing carriers are generated as a
result of a voltage applied to the transistor’s input elec-
trode, i.e., gate; Vpp is the typical supply voltage, which
sets the energy required to perform circuit functions;
Cep/cs are the gate-drain/-source electrode capacitances,
which both limit the speed of internal signals and deter-
mine the energy consumed as a result of the amount of
electric charge that must be involved in voltage transi-
tions; and fr is the unity current-gain frequency, which
specifies the maximum frequency at which a transistor
provides more output current than it sinks input current
(often regarded as the maximum frequency at which the
transistor is usable).

Given the disparity shown in Table 1, the TFTs avail-
able in LAE are likely to result in systems that are highly
suboptimal, limited in scalability, or both. LAE and
CMOS ICs provide fundamentally different materials,
leading to corresponding functional advantages and dis-
advantages. To create a sensing sheet, which can provide
both the level of sensing required in SHM applications
and the surrounding functionality necessary to realize a
practical system, this paper explores a hybrid approach,
combining LAE with CMOS ICs. The demonstrated pro-
totype shows promise toward addressing the challenges
faced in SHM applications.
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Fig. 4. concept of the sensing sheet and its application [19].

III. SENSING SHEET REQUIREMENT
ANALYSIS

A. General

The three principal components of the sensing sheet
are [6]: 1) a dense 2-D array of unit strain sensors pat-
terned (using metal deposition and etching) on a polyim-
ide substrate along with functional LAE (including power
converters); 2) embedded ICs interfaced via noncontact
links for sensor readout, data processing and analysis,
power management and communication; and 3) inte-
grated flexible photovoltaics for power harvesting. The
sensing sheet components and the principle of damage
detection are schematically represented in Fig. 4.

Damage is detected by sensors that are directly acti-
vated (shaded in Fig. 4), and whose output strain signal is
significantly higher than that of other sensors not in direct
contact with the damage. Damage location and extent are
determined by coordinates (locations) of activated sensors
(see Fig. 4). Thus, the damage detection capability of the
sensing sheet depends on the performance of the unit sen-
sors when exposed damage, and on the geometrical ar-
rangement of unit sensors within a dense array. These
aspects are analyzed in the following sections.

B. Physical (Unit) Sensor Exposed to Damage
Generally, any available electrical sensing technique
can be used for the unit sensors. However, full-bridge re-
sistive strain sensing is selected due to its established use
in SHM, and it has well understood and proven attri-
butes. A full-bridge sensor consists of four resistors, each
patterned in form of a multiple serpentine, to improve
sensitivity and accuracy. The resistors are oriented in
two perpendicular directions and interconnected in a
Wheatstone bridge configuration, as shown in Fig. 5.
Such a sensor provides a differential strain signal, which
significantly improves robustness against external influ-
ences. In particular, temperature variations affect all four
resistors and

in approximately the same manner,

A B D E E

Tested positions of the crack (dashed line) with respect
to sensor

Unit full-bridge sensor
(arrows indicate
orientation of resistors)

s
SIS

Wheatstone bridge
connection of
resistors

“Sensor.

Crack
(closed)

Micrometer stage

Testing set-up

Fig. 5. Full-bridge sensor (top-left), Wheatstone bridge
(bottom-left), tested configurations of sensors (top-right),
and testing setup (bottom-right).

differential reading (which subtracts reading of transver-
sal resistors from the reading of longitudinal resistors)
provides with thermal compensation of the sensor (influ-
ence of temperature variations was measured to be
around —1 pe/°C, which is practically negligible for the
purposes of damage detection).

The sensing sheet is intended to be glued onto the
surface of monitored structure, and each individual
strain sensor is expected to measure the strain in the
construction material. In general, two scenarios can oc-
cur. First, there is no damage in form of cracks in the
construction material (typically concrete or steel); in this
case the unit sensors are expected to simply measure the
strain in the material. Second, there is a crack in con-
struction material; in this case the sensor is expected to
either fail or to “survive” the crack and, in the latter
case, measure the strain induced by the crack opening.

The sensing sheet is fabricated on a polyimide sub-
strate, i.e., the same substrate commonly used in foil
strain gauges. Since the strain gauge is a proven sensor,
and strain transfer from the construction material to the
sensor is also well proven, the first scenario is not of in-
terest in this study, as direct analogy with traditional
strain gauges can be made. However, behavior of the
unit sensor exposed to damage is not well known, and is
thus studied in further detail in this section.

As a starting point, testing of the unit sensor was per-
formed using commercially available full-bridge resistive
strain sensors. This is expected to provide useful charac-
terization results for the eventual sensing sheet, since it
will employ manufacturing procedures for the unit strain
sensors that are similar to those employed for the sensors
commercially available today.

The unit sensors were tested under repeatable labora-
tory conditions as follows. A crack was artificially created
on a small concrete slab, which was then fixed to a mi-
crometer stage. In this way, the crack width could be
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Fig. 6. Crack width versus measured strain for tests in
configuration “A” (modified from [19]).

controllably adjusted (i.e., the crack closed or opened)
using the stage. The unit sensor shown in Fig. 5 (gauge
length = 7.4 mm) was bonded to the plate over a closed
crack. Once the glue was hardened, the crack was
opened using the stage, its width was incrementally in-
creased until the sensors failed, and the sensor output
was registered at every increment. In total six different
positions of crack with respect to sensor were tested.
Fig. 5 shows the testing setup and tested crack positions.

The configuration “A” (see Fig. 5) was tested ten
times, in order to have certain statistics on sensor behav-
ior under the crack condition. As the tests were time
consuming, all other configurations were tested only
three times, which was judged as sufficient to achieve
the aims of tests. Tests have demonstrated that the unit
sensor installed on concrete can survive a crack width of
1.5 mm, on average. This was possible mostly due to deg-
radation of concrete at the crack mouth which enabled
redistribution of high local strain (generated by crack)
over the longer length of the sensor [19].

Fig. 6 shows diagram crack width versus measured
strain as registered in ten tests with configuration “A”
from Fig. 5 (crack perpendicular with respect to resistors
R1 and R3) [19]. The strain measured by the sensor is a
combination of the zero strain due to the portion of the
sensor, which is in direct contact with concrete, and the
highly concentrated strain due to the portion of the sen-
sor that was delaminated from the concrete at the loca-
tion of the crack opening. While the slope of the
resulting regression line between the crack width and
the measured strain was not the same in each test, it was
found that it follows lognormal distribution, and thus the
crack width could be estimated in a statistical manner
(i.e., within a confidence interval) rather than in a de-
terministic manner. The distribution is lognormal rather
than normal, i.e., it is skewed, because the crack always
results in a positive readout change (crack never causes
negative reading on the sensor). The dispersion in results

1518 PROCEEDINGS OF THE IEEE | Vol. 104, No. 8, August 2016

from different tests is consequence of several uncontrol-
lable factors such as thickness of the adhesive, local de-
fects in the concrete, exact shape of the crack, and
probable variations in sensors’ electrical and mechanical
properties.

Configurations “A,” “B,

»

and “D” all had similar re-
sponses. The slope of the regression line of configuration
“C” was approximately two times lower that for configu-
ration “A,” while that of “F” was negative, with magni-
tude similar to “C.” Finally, configuration “E” had
regression slope close to zero (i.e., the strain signal from
two activated resistors in the bridge cancels out); thus
this configuration is considered the least favorable.
However, in the case that one or few sensors in the sens-
ing sheet are exposed to a crack in this configuration,
the crack is likely to be detected indirectly by other
neighboring sensors, as shown in Section III-D.

C. Modeling Response of Multisensor Array

The sensing sheet eventually consists of densely
spaced sensors; however, the sensors cannot be pat-
terned immediately next to each other due to the need
for control and accessing circuitry. Thus, empty spaces
between the sensors will exist. These noninstrumented
spaces are not directly sensitive to damage, and this may
adversely affect the reliability of damage detection. Thus,
it is necessary to study the influence of the sizes and
shapes of the noninstrumented areas. This will lead to
general guidelines on the most efficient arrangement of
the sensors in the sensing sheet, i.e., on the most effi-
cient geometrical design of the sensing sheet.

The geometrical design of the sensing sheet is studied
based on probability of detection (POD). POD is a practi-
cal metric used broadly to quantify the reliability of in-
spection systems. Applied to SHM, it represents the
probability of correct detection of damage of a given size
[28]. For example, let us assume that the sensing sheet
with dimensions W X L contains only one sensor with di-
mensions w X [. These parameters are illustrated in the
left image of Fig. 7. Let us further assume that the crack
is detected if it has at least one common point with the
sensors (i.e., touches or intersects the sensor, e.g., cracks
¢y and c3 in left image of Fig. 7), and, further, false
positive and false negative detections are not possible
(i-e., the sensor functions with perfect reliable). Finally,
let us assume that the crack can be represented as a seg-
ment of the line with length c, and that its probability of
occurrence within the sensing sheet is uniform.

Given these assumptions, the POD can be computed
[29], for any specific size of sensing sheet, size of unit
sensor, its position within the sensing sheet and crack
length. For a single sensor placed in the center of the
sensing sheet (case “A” in Fig. 7), analytical solution can
be found in closed form [29]; however, for nonsymmet-
ric cases and cases with multiple sensors in the sensing
sheet, the analytical solution becomes difficult to derive.
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Fig. 7. Schematic representation of design parameters of sensing
sheet with one unit sensor; three typical positions of the unit
sensor within the sheet are presented.

In these cases, Monte Carlo simulation (MCS) is used.
Fig. 8 shows examples of POD calculated for three cases
shown in Fig. 7, for W x L = 40 mmXx 40 mm, and w X
=11 mm X 14 mm.

For case “A,” analytical and numerical (MCS) solu-
tion are presented in Fig. 8, showing good agreement
with each other. This provides confidence in the MCS
approach and its suitability for calculating POD. For a
crack length of 0 mm, the POD is simply equal to the ra-
tio between the sensor area and the sheet area.

Fig. 8 shows two important findings. The first finding
is that for a given design of the sensing sheet, POD in-
creases with increasing size of the crack; however, after
a certain size of crack is reached (called critical crack
length), the POD becomes constant. This is practically
the maximum POD that can be achieved by a given de-
sign of the sensing sheet. The second finding is that the
POD depends on the position of the unit sensor within
the sensing sheet, and the maximum POD is achieved
with a symmetric configuration, i.e., when the sensor is
placed symmetrically with respect to both horizontal and
vertical axes. This is explained as follows. It is assumed
that the sensor can detect the crack only when in direct
contact with it, thus for a given crack length [ there is an
1/2 wide band around the sensor that defines geometrical
positions of centers of the cracks that could be detected.
If the sensors is not placed in the center of the sheet,
part of the band will be out of the sheet, and this re-
duces its capability to detect the damage, i.e., POD de-
creases. Detailed analysis of this phenomenon can be
found in [29].

These findings were verified and found to be valid
for a sensing sheet with multiple sensors [29]. In addi-
tion, it was found that the sensors must be mutually
equidistant in both directions to achieve maximum POD,
as shown in Fig. 9 for a sensing sheet containing 4, 9,
and 16 sensors.

Fig. 10 shows POD calculated using MCS for the
three cases shown in Fig. 9 (W X L = 90 mm X 90 mm,
w X [l=11 mm X 14 mm).

Three important findings result from Fig. 10. First,
all curves have behavior similar to that in Fig. 8, i.e.,
PODs start from value determined as ratio of combined
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Fig. 8. POD for the three designs of sensing sheet shown in Fig. 7;
for case “A” two solutions are presented, analytical and
numerical (MCS).

sensor area over the sheet area, they have steep linear in-
crease for shorter crack lengths, and they asymptotically
approach the maximum POD for longer crack lengths;
and they all reach a maximum POD for a certain crack
length, called critical crack length and denoted with c.,).
The second finding is that the critical crack length
decreases as the number of sensors increases (e.g., for
example in Fig. 9 the values are ~69 mm for four-sensor
scenario, ~50 mm for nine-sensor scenario, and ~36 mm
for 16-sensor scenario). Finally, the third finding is that
the maximum POD is greater for a sensing sheet that con-
tains more sensors, which is expected, since a larger area
of the sheet is covered with sensors.

The evaluation of POD presented in this section deals
with a single crack of a given size. If POD of multiple
cracks is of interest, it can be calculated using the proba-
bilistic formulas for multiple events (for example, if de-
tection of several, mutually independent, cracks of a
given length is of interest, then the POD of all of them is
calculated as the product of their individual PODs, etc.).

In general, the POD results presented in this paper
can be applied to the cases of damage that geometrically
manifests in form of lines or systems of lines (e.g., cracks

<
O 0O

Fig. 9. Schematic representation of sensing sheets with the same
dimensions and equidistantly spaced 4, 9, and 16 sensors.
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Fig. 10. POD for the arrangements of sensors shown in Fig. 9.

or local bowing). To evaluate the POD for other types of
damage, similar procedure as presented in this paper can
be applied, but geometrical manifestation of the target
damage has to be taken into account.

D. Experimental Validation

The modeling of the sensing sheet presented above is
based on idealized assumptions, with the aim to gaining
general insights. Of course, the assumptions outlined in
the previous subsection may not be fulfilled in real-life
settings. Hence, to assess and validate the sensing sheet
capabilities in terms of damage detection, localization
and quantification, a series of tests were performed in
the laboratory.

The tests consisted of cyclic loading of steel plates in-
strumented with sensing sheet prototypes, as shown in
Fig. 11. The plates had a notch on the boundary leading
to the generation of a fatigue crack under cyclic loading.
The crack occurrence and propagation was monitored
using sensing sheets. Since the point of occurrence of
the crack (at the notch) and its approximate propagation
(perpendicular to the applied force) were known (see
Fig. 11), it was decided to test two arrangements of unit
sensors within the sensing sheet.

The first arrangement of sensors, called design 1, con-
sisted of a moderately dense array of sensor as shown in
Fig. 11. This array consisted of the main grid of equidis-
tantly spaced sensors (see Fig. 11), and a secondary grid
whose aim was to assess the influence of the crack on the
sensors that are in close proximity to the damage, but not
directly intersecting it. The total size of the sensing sheet
was 150 mm X 150 mm (6 in X 6 in), and the total num-
ber of unit sensors was 31 (11 mm X 14 mm each).

The second arrangement of sensors, called design 2,
consisted of a very dense array of sensors concentrated
in the area of the expected crack (see Fig. 11). The sen-
sors were in a staggered configuration (rather than
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Fig. 11. View to plates instrumented with sensing sheets; design 1
(left) had moderate density of sensors, and design 2 (right) had
high density of sensors in the area of crack occurrence.

equidistantly spaced). The reason for this is that, in as-
sumptions presented in Section III-C, the sensors were
assumed to have the same sensitivity to damage in all di-
rections; however, the tests presented in Section III-B
suggested that this is not true for practical full-bridge
sensors. Hence, a staggered configuration was employed
in order to get response from two relative positions of
crack with respect to sensor, i.e., to realize configurations
“A” and “C” shown in Fig. 5. More precisely, the middle
sensor in each row with three sensors (see Fig. 11) was
expected to be in configuration “A” from Fig. 5, while the
second sensor from the top of each row with four sensors
was expected to be in configuration “C,” as rows with
four sensors were staggered with respect to rows with
three sensors. The total area covered by sensors was
150 mm X 55 mm (6 in X 2.2 in) and total number of
sensors was 28.

For these initial tests, a sheet consisting of unit sen-
sors was fabricated, rather than a fully integrated sensing
sheet, and a readout unit based on commonly available
equipment was used, rather than the eventual LAE and
CMOS ICs. Thus, commercially available full-bridge sen-
sors, the same as described in Section III-B (see Fig. 5),
were laminated over a sheet of copper interconnects,
the latter being specially designed and manufactured
for the desired configurations. This resulted in a setup
enabling key experiments, providing good representation
of the eventual sensing sheet. Resistors Rl and R3 of
each sensor were oriented perpendicular to the expected
crack propagation line, while the resistors R2 and R4
were oriented parallel to the crack propagation line.
Adhesive, installation procedure, and strain transfer of
sensing sheet were laboratory tested before the applica-
tion on the steel plates.

Four fatigue cycling tests were performed, two in-
volving the sensing sheet of design 1, and two the sens-
ing sheet of design 2. The loading range was different in
the different tests, with a typical range between 53 kN
(12 kip) and 125 kN (28 kip). The plate under test was
considered as failing when the displacement between the
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Fig. 12. Views to testing setup (left), crack initialization
(upper right), and failed plate with sensing sheet of design 1
(lower right).

arms of the testing machine reached 25.4 mm (1 in).
Sampling rate of unit sensors was 20 Hz. Detailed
description of the tests is given in [30].

The initiation of the crack in each plate occurred in
less than 40000 cycles. Further cycling caused slow
propagation of the crack through the plate, and rapid ac-
celeration when the plate was close to failure. Fig. 12
shows the testing setup with the sensing sheet of design 1,
illustrating crack initiation and a failed plate.

Two representative patterns of readings from unit
sensors were registered. The first is a reading from a sen-
sor that intersects the crack, and the second is a reading
from a sensor that is close to the crack. Examples of
such sensors are C4 and D5 shown in Fig. 12. Their read-
ings are shown in Fig. 13. Distinct stages related to crack
propagation are shown in the figure.

Four important conclusions can be drawn from the
results. First, both sensors were able to detect the crack
propagation, i.e., to predict that the crack length is in-
creasing and the crack path is “approaching.” Second,
the sensors that were in direct contact with the crack
(e.g., sensor C4) failed almost immediately after they
were intersected by the damage, and this failure can be
used effectively to detect the crack. The failed sensors
exhibit behavior which is different from that presented
in Section III-B. The reason for this difference in the
two tests is that the crack mouths in the case of steel do
not degrade upon the crack occurrence, unlike concrete
where the crack mouths do degrade. This lack of degra-
dation prevents stress relaxation in the sensors, leading
to their failure. Third, even sensors that are not in direct
contact with the crack, but close enough to it (e.g.,

1 Z
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Fig. 13. Typical measurements recorded by sensor located onto a
crack path (left) and close (but not onto) a crack path (right).

sensor D5), can detect the damage through a sudden
change in strain trend (e.g., decrease in strain observed
in Fig. 13 as a consequence of crack; strain decreases at
and around the crack mouth because the tension in ma-
terial is lost due to crack opening). This suggests that the
POD of the sensing sheet may actually be higher than
that predicted in Section III-C. Fourth, actually a conse-
quence of the previous three conclusions is that for uni-
axial dominant strain distribution a material, the position
of the crack with respect to the sensor, does not play a
major role in crack detection capability. In the other
words, the crack would be detected regardless of its ori-
entation with respect to the sensor (i.e., in all configura-
tions “A” to “F” shown in Fig. 5). The detection would
be in the form of either high strain and/or failed sensors
in direct contact with the crack (see left image of Fig. 13)
or by sensors close to the crack registering large rise and
drop in strain (see right image of Fig. 13). The first afore-
mentioned conclusion is specific to the tested sensing
sheet designs. The three other conclusions are more gen-
eral, as they do not depend on the arrangement of sensors
within the sensing sheets.

Based on the concept of POD described in
Section III-C, a detectable threshold of crack length can-
not be established in a deterministic sense. For a given
configuration of the sensing sheet and given crack length,
only a probability that this crack will be detected can be
estimated. Moreover, POD never reaches value of 1,
which means that even long cracks could be undetected.
However, POD was based on the assumption that the
crack is detected only if it is in physical contact with the
sensor, while the tests have shown that the crack can be
detected even if the crack passes nearby, but “close en-
ough” to the sensor. This indicates that an appropriate
spacing between sensors may lead to establishment of a
minimum detectable crack length in a deterministic
sense, which is a topic that will be addressed in future re-
search (e.g., for the case shown in Fig. 2, the “close en-
ough” spacing of sensors could be approximately 2
mm X 10 mm to 2 mm X 20 mm = 20-40 mm?).

Based on the results from the unit sensors, 2-D time-
history graphs are created and four characteristic exam-
ples are shown in Fig. 14. The results obtained in the
other three tests were similar. Due to manufacturing
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Fig. 14. Images of crack propagation obtained by interpolation of
strain measurements taken from unit sensors (sensing sheet of
design 1).

defects, several unit sensors lost electrical contact with
their interconnects (10%-40% of sensors in different
sheets), and thus could not be read out during the entire
experiments. The graphs in Fig. 14 were created taking
into account only fully functioning sensors, indicated in
Fig. 14 as black circles. The strain values at point not di-
rectly instrumented were derived using linear interpola-
tion. The upper left image shows the crack initiation, the
upper right and lower left images show crack propaga-
tion, and the lower right image shows final crack exten-
sion at the completion of the test.

Two important conclusions are derived from Fig. 14.
First, the sensing sheets were able to detect the crack ini-
tiation, follow its propagation, and evaluate its extension.
Second, even though some sensors did not register strain
due to manufacturing defects, the reminder of the sensors
was sufficient to capture the critical characteristics of the
damage. This demonstrates inherent redundancy and
thus robustness of the sensing sheet for crack detection
and characterization. Overall, the tests confirmed direct
sensing to be an effective approach for damage detection
and characterization. In addition, the tests validated the
sensing sheet as a practical implementation of a dense ar-
ray of sensors for damage detection and characterization.

IV. TECHNOLOGY DEMONSTRATION
AND ANALYSIS

A. System Overview

The underlying principles, leading to a hybrid sensing
sheet (i.e., combining LAE and CMOS ICs) for SHM appli-
cations, are discussed in detail in [21]. This section pro-
vides an overview of the prototype system, implemented to
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explore the architectures by which the requirements de-
veloped in Section III can be met. To enable continuous
sensing in the manner identified, the sensing sheet mini-
mally consists of three subsystems: 1) sensing subsystem;
2) power-management subsystem; and 3) communication
subsystem. An overview of these, starting with an over-
view of the overall approach, is provided below. Greater
circuit and architectural details are provided in [27].

Starting from the basic technologies, whose electrical
characteristics are summarized in Table 1, a large dispar-
ity in performance between the TFTs available in LAE
and the transistors available in CMOS ICs is observed.
This motivates architectures that generally aim to imple-
ment most functionality in the CMOS domain. As dis-
cussed in Section II-C, the primary functions to be
implemented in the LAE domain are sensing and energy
harvesting. However, with the large number of sensors
targeted and the large physical dimensions over which
they are distributed, the primary challenge is the interfac-
ing needed between the LAE and CMOS domains. The
large number of sensors necessitates architectures based
on accessing schemes, such that acquisition can be per-
formed through a minimal number of physical interfaces.
The distributed nature necessitates multiple distributed
CMOS ICs, which enables partitioning of the sensors into
subarrays, each interfaced with a localized CMOS IC, to
mitigate excessively long interconnects, which are likely
to compromise the robustness of sensor acquisition and
accessing control. This leads to the overall sensing sheet
architecture shown in top image of Fig. 15. Distributed
LAE subarrays are each coupled to a CMOS IC, and data
as well as control information is communicated among
the LAE/CMOS subarrays for coordinated operation over
the entire sensing sheet.

The interfacing approach corresponding to such an ar-
chitecture raises two key needs. First, within a subarray,
acquisition from individual sensors requires LAE circuitry
for scanning the sensors via a small number of interfaces.
The circuitry employed is discussed in Section IV-B.
Second, because the number of sensor subarrays can be
large, a potentially large number of CMOS ICs must be
coupled to the LAE sheet. Currently, no high-volume
process exists to electrically bond large numbers of small
ICs to large, flexible sheets. This motivates an approach
based on inductive and capacitive noncontact coupling.
Shown in bottom image of Fig. 15, this involves a flexible
credit-card sized carrier on which planar inductors and
capacitor plates are patterned, and to which each IC is
bonded (similar to the assembly used for RFID tags).
Corresponding inductors and capacitors are patterned on
the large-area sheet, and the entire system is thus assem-
bled through sheet lamination, avoiding the need for ex-
plicit metallurgical bonds. In the prototype described, the
lamination adhesive is roughly 100 pm thick, enabling sub-
stantial capacitance density (100 pF/cm?) and inductive
coupling factors.
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Fig. 16. Distribution of functionality between LAE and CMOS
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Fig. 15. High-level architecture of hybrid sensing sheet and
LAE/CMOS interfacing strategy.

With the inductive and capacitive interfaces enabling
functionality to be selectively distributed between the
LAE and CMOS domains yet in a manner that is scalable
over the entire system, Fig. 16 illustrates the overall ar-
chitecture of a hybrid subarray. The subarray consists of
three subsystems, each having an architecture driven by
the use of inductive/capacitive interfacing. In the sensing
subsystem, the LAE domain provides strain sensing and
circuitry for sequential sensor accessing, and the CMOS
domain provides instrumentation, A/D conversion, and
sensor accessing control. In the power-management
subsystem, the LAE domain provides solar energy
harvesting and circuitry for power inversion (dc/ac con-
version), and the CMOS domain provides rectification,
over-/under-voltage monitoring, and dc/dc conversion/
regulation. In the communication subsystem, the LAE
domain provides long interconnects (0.1-10 m) for trans-
mitting data, and the CMOS domain provides digital-data
transceivers. Sections IV-B-IV-D present the design and
implementation details of each subsystem. Following
this, testing and characterization of the sensing sheet
prototype is presented in Section IV-E, demonstrating a
promising path to address the specifications for SHM
applications.

B. Sensing Subsystem

The prototype sensing sheet consists of two options
for the sensing subsystem [27]. The first employs strain
sensors based on the mobility response of amorphous-
silicon (a-Si) TFTs, while the second employs strain
sensors based on the resistive response of thin-film
metallization (copper—nickel alloy). The resistive sensors

domains.

are the same as those characterized in Section III-B, and
thus are the focus in this paper.

Fig. 17 shows the details of the hybrid sensing subsys-
tem [27]. Sensor readout is performed by the CMOS IC by
generating an ac bias voltage across the resistive bridge.
Providing the bias voltage through inductive coupling has
two benefits. First, a full-swing switching power amplifier
can be employed by the CMOS IC to maximize efficiency,
while exploiting the turns ratio of the coupling inductors to
optimize the biasing current/voltage for the sensor resis-
tance. Second, center-tap biasing enables the ac voltage to
have nearly zero common-mode voltage; this, in turn, re-
sults in an output signal from the bridge with nearly zero
common-mode voltage, easing the readout circuitry.

In particular, readout is performed through a syn-
chronous integrator involving a transconductor and ca-
pacitor (Gy — C) by modulating the sensor output signal
to a dc level (using a signal in-phase with the biasing
voltage). By adjusting the integration time, aggressive fil-
tering can be achieved of stray noise sources coupling to
the sensors in the LAE domain. For digitization of the
sensor output, the Gy — C integrator is incorporated
within a dual-slope analog-to-digital converter (ADC).

Aside from sensor readout, the sensing subsystem
must support accessing of individual sensors within the
subarray. As shown in Fig. 17, this is achieved using a-Si
TFTs as accessing switches at each node of the full-
bridge sensor. To robustly preserve of the sensor output
signal, these switches must have low on resistance (i.e.,
large TFTs are needed), necessary to ensure minimal
voltage drop of the biasing signal and minimal filtering
of the output signal. In addition, circuitry to control the
accessing switches (i.e., EN(i) signals) through a mini-
mum number of interface signals is also necessary. This
is achieved using a scanning circuit formed from a-Si
TFTs [27]. Using three-phase control, the scanning cir-
cuit enables sequential accessing of each sensor in an ar-
bitrarily large array, yet with just four interface signals
(three control and one reset). The need for large acces-
sing switches implies that the scanning circuit must drive
substantial capacitance, making it the limiting factor set-
ting the readout rate. As summarized in Section IV-E,
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Fig. 17. Hybrid sensing subsystem.

the prototype sensing sheet preforms readout from the
arrays of strain sensors at a rate of 500 Hz.

C. Power-Management Subsystem

Fig. 18 shows the details of the hybrid power-
management subsystem [27]. A thin-film, flexible solar
module is used for energy harvesting. As much of the re-
maining functionality as possible is preferably imple-
mented in the CMOS domain, since the superior electrical
characteristics of CMOS transistors enable greater current
handling capability and lower switching/conduction losses.
However, due to the use of noncontact (inductive and ca-
pacitive) interfaces, minimally power inversion (i.e., dc-to-
ac conversion) is necessary in the LAE domain in order to
couple the power harvested from the solar module in the
LAE domain to the CMOS domain. Once received in the
CMOS domain, required power rectification, under-volt-
age monitoring, over-voltage protection, and voltage con-
version is readily achieved. Voltage conversion and
regulation is performed using three embedded switch-ca-
pacitor dc/dc converters, which generate supply voltages of
0.6, 1.2, and 2.4V, to power the entire system.

Though substantial power can be harvested by pat-
terning large solar modules, power inversion in the LAE
domain poses a critical challenge. The reason is limited
power handling, due to low TFT currents, and low
power-transfer efficiency, due to TFT conduction and
switching losses in the power stage and control circuitry.
The prototype sensing sheet employs the power-inverter
topology proposed in [31]. The topology, shown in
Fig. 19, is essentially a free-running inductor—capacitor
(LC) oscillator, which provides power to the CMOS do-
main via coupling of planar tank inductors patterned on
the sheet. The benefit of this topology is that it has no
explicit control circuitry, mitigating control losses and
leading to reasonable power-transfer efficiencies in prac-
tice (~30%). However, an additional concern is the
output power level achievable by the inverter. The LC-
oscillator topology has the benefit that, by exploiting the
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Fig. 18. Hybrid power-management subsystem based on solar
energy harvesting and power inversion (dc-to-ac conversion)
in the LAE.

turns ratio of the coupling inductors, the large voltages
in the LAE domain (which can be tolerated by the TFTs)
can be transformed into large currents in the CMOS do-
main. Thus, the current limitations of the TFTs can be
overcome when providing power at the lower CMOS
voltages. In this way, much greater power transfer is
achieved (~22 mW).

The primary requirement for the LC-oscillator in-
verter topology to operate is that it must meet the
positive-feedback oscillation condition [32]. This re-
quires that the loop gain through the cross-coupled TFT
stages exceed unity. As shown in Fig. 19, the oscillation
condition depends partially on the TFT transconduc-
tance (g,) and capacitances, but also on the quality
factor of the tank. This, in turn, depends on the induc-
tance and resistance of the planar inductors and the
gate resistance of the TFTs. While the TFTs present
poor transconductance and capacitances, the ability to
pattern large planar spirals enables large inductances
and low resistance, thus enabling the oscillation condi-
tion to be robustly met [31].

D. Communication Subsystem

The communication subsystem is responsible for com-
municating data (such as strain-gauge readings) among
the CMOS ICs of various subarrays depicted in Fig. 15.

This enables collaborative processing for damage
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Fig. 19. LC-oscillator power inverter and associated oscillation
condition.
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assessment and data aggregation for off-sheet communi-
cation by a centralized node on the sheet with wireless
capability. Fig. 20 shows the details of the hybrid commu-
nication subsystem [27]. Wired interconnects are pat-
terned on the sensing sheet to enable communication
between the CMOS ICs of various subarrays. Each CMOS
IC consists of a transceiver (transmitter and receiver).
The signaling employed is on/off keying (OOK), wherein
logic-1 pulses are modulated to a selected center fre-
quency. The center frequency is chosen to coincide with
the resonant frequency of the interconnect network. This
enables strong voltage coupling across the inductive inter-
face and makes the interconnect network appear as a
large impedance, thus requiring minimal transmit power
from the transceiver. Inductive interfaces between the
CMOS transceiver and LAE interconnects are preferred
to optimize the voltage amplitudes. Namely, at the trans-
mitter, voltage setup down is preferred. This is because,
at resonance, the resistance of the long interconnects can
be modeled as a parallel resistor; smaller voltage ampli-
tudes thus result in reduced power loss. On the other
hand, at the receiver, voltage stepup is preferred, in order
to maximize the receive signal-to-noise ratio (SNR).
Roughly, the amplitude of the transmit pulse is 20 mV
and that of the receive pulse is 40 mV.

The transmitter circuit shown in Fig. 20 consists of a
digitally controlled oscillator (DCO) to generate the OOK
carrier frequency and a class-C power amplifier. The re-
ceiver circuit consists of two stages of preamplifiers
followed by a rectifier, whose output is taken from the
source node of two coupled transistors, and finally a com-
parator. An important challenge in the communication
subsystem is that the precise resonant frequency of the
interconnect network is not known a priori. This necessi-
tates a system-initiated frequency-calibration loop, where
the transmitted signal is sensed off of the interconnect by
the local receiver, and the DCO frequency is swept to the
point of the maximum receive amplitude. This involves
the use of an integrating ADC to digitize the receive am-
plitude. The ADC codes measured from the prototype
during such a calibration are shown for illustration.

E. Prototype Characterization

The sensing sheet prototype was built, with LAE
components fabricated in house and a CMOS IC fabri-
cated in a commercial 130-nm CMOS process from
IBM. The LAE components consist of TFT-based and
metal-based strain gauges (10-element array), a flexible
a-Si solar module on 50 pm-thick polyimide, and flexi-
ble a-Si TFT circuits on 50 pm-thick polyimide, all fab-
ricated at 180 °C [33]. The prototype is shown on the
top image of Fig. 21. For testing, the prototype was
bonded to a cantilever beam in the lab using the
methods of Section III. Additionally, commercially-
available reference strain gauges were bonded to the
beam at locations in proximity to specific strain sensors
on the sheet, and were read out using a commercial sys-
tem (Vishay 3800) to provide controlled comparison.
For strain measurement characterization of the proto-
type, the beam was subjected to controlled strain, as
shown in the bottom of Fig. 21.

Details of the measurements and characterization are
provided in [20], [21], and [27], and a summary is pro-
vided in Table 2. As shown, a strain-readout sensitivity
of 18 perms and maximum nonlinearity of 21 pe is
achieved, exceeding the requirement specifications de-
rived in Section III. The energy per measurement, in-
cluding sensor accessing control and sensor readout
(acquisition and digitization) is 434 nJ] at a maximum
measurement rate of 500 Hz. Given a total solar module
size of 300 cm? (with output power level between
10 uW and 10 mW depending on the illumination con-
ditions), and >30% power-transfer efficiency to the
CMOS IC by the LAE power inverter, adequate power
harvesting is achieved for frequent measurements over
large strain-gauge arrays. Within the CMOS domain, the
overall power-conversion efficiency for generating the
on-chip supplies is over 80%. Though the system repre-
sents a relatively small-scale prototype, it demonstrates
the sensitivity and power levels required for the pro-
posed sensing approach, as analyzed in Section III.

V. CONCLUSION AND FUTURE WORK

This paper identified the need for a 2-D array of strain
sensors for damage characterization over large areas of
civil structures and infrastructure. Technologically, this
motivates a sensing sheet that is based on LAE and
CMOS ICs. The damage detection, localization, and eval-
uation capabilities of such a technology are analyzed.
Analysis over several research stages is presented.
Laboratory testing of the unit sensor installed on a con-
crete specimen led to the conclusion that the sensor can
survive 1.5-mm crack opening and its output can be used
to statistically evaluate the crack width. Analysis of geo-
metrical arrangements of the unit sensors within the
sensing sheet has shown that symmetric equidistant ar-
rangement provides the highest POD. Also, the POD
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Fig. 21. self-powered sensing sheet prototype.

strongly depends on the number of the sensors within
the sheet, and for a given number of sensors the POD
limits at a constant value for a certain crack length,
called the critical crack length. Cycling fatigue tests led
to the conclusion that the POD is actually higher in real-
life situations compared to that analytically calculated,
due to notable damage detection capability of sensors
that are not in direct contact with the damage. These ad-
ditional sensors can detect the damage through a nega-
tive change in strain if they are close enough to the
damage (in the tests, typically 10-20 mm far from dam-
age). Malfunction of several sensors did not affect the
overall damage characterization capabilities of the sens-
ing sheet, demonstrating its robustness for damage char-
acterization. Thus, the cycling fatigue tests validated the

Table 2 characterization of the Sensing Sheet Prototype

direct-sensing approach, and demonstrated that a sensing
sheet can detect the damage, follow its propagation, and
evaluate its extent even if some unit sensors experience
malfunction.

A proof-of-concept hybrid sensing sheet based on LAE
and CMOS ICs has been demonstrated, enabling evalua-
tion both of strain-measurement accuracy and system-level
operation (energy consumption, robustness, data commu-
nication, etc.). To enhance scalability of the hybrid system,
noncontact (inductive/capacitive) interfaces are employed
between the LAE and CMOS technology domains, enabling
system assembly simply via sheet lamination. The dem-
onstrated system is self-powered using a thin-film a-Si
solar module in the LAE domain, with power trans-
ferred to the CMOS domain inductively via a TFT-based
power inverter. Strain sensing is performed using two
types of strain gauges in the LAE domain: full-bridge
metal strain gauges exhibiting resistive response, and a-
Si strain gauges exhibiting mobility response (the for-
mer being analyzed in detail in beginning part of the
paper). The prototype system demonstrates strain-read-
out sensitivity of better than 18 pegrms, at an energy per
measurement of 434 nJ and maximum measurement
rate of 500 Hz. The performance exceeds the presented
requirements developed from laboratory experiments.
Further development of a large-scale sensing sheet, first
for laboratory testing and then for on-bridge deployment

and testing, is being pursued. [ |
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Performance summary

LAE a-Sion 50pm polyimide @ 180 °C

CMOSIC 130nm CMOS

TFT Power Inverter n 30% DC-DC output voltages 0.6V,1.2V,24V

Solar Module Size 300cm? Overall DC-DC converter i 80.5%
Sensing Subsystem (piezoresistive sensor) _

Max. Readout Noise 17.9uerms Max. Readout Non-linearity 20.7MeRMS

Total Energy/meas, 434nJ Max. Measurement/sec. 500

Tx Energy (@7.5) 14.6pJ/bit Max. Data Rate 2Mb/s

Rx Energy (@7.5) 4.3pJ/bit Self-calibration Loop Energy 17nd

1526 PROCEEDINGS OF THE IEEE | Vol. 104, No. 8, August 2016



Glisic¢ et al.: Strain Sensing Sheets for Structural Health Monitoring Based on LAE and Integrated Circuits

REFERENCES
[1] B. Glisic and D. Inaudi, “Introduction to

(2]

(4]

(7

(8

[10]

(11]

structural health monitoring,” in Fiber Optic
Methods for Structural Health Monitoringxth.
Chichester, U.K.: Wiley, 2007 ch. 1 1.1,

pp. 1-10.

C. R. Farrar and K. Worden, “An
introduction to structural health
monitoring,” Philosoph. Trans. Roy. Soc. A,
Math. Phys. Eng. Sci., vol. 365, no. 1851,
pp. 303-315, 2007.

A. Rytter, “Vibrational based inspection of
civil engineering structures,” Ph.D.
dissertation Dept. Building Technol. Struct.
Eng., Aalborg Univ., Aalborg, Denmark,
1993.

Y. Yao and B. Glisic, “Reliable damage
detection and localization using direct strain
sensing,” in Proc. 6th Int. IAMBAS Conf.
Bridge Maintenance Safety Manage., Stresa,
Italy, 2012, pp. 714-721.

] D. Posenato, F. Lanata, D. Inaudi, and

I. F. C. Smith, “Model-free data
interpretation for continuous monitoring of
complex structures,” Adv. Eng. Inf., vol. 22,
no. 1, pp. 135-144, 2008.

] B. Glisic and N. Verma, “Very dense arrays

of sensors for SHM based on large area
electronics,” in Proc. 8th Int. Workshop
Struct. Health Monitoring, 2011, vol. 2,
pp. 1409-1416.

D. Hubbell and B. Glisic, “Detection and
characterization of early age thermal cracks
in high performance concrete,” ACI Mater.
J., vol. 110, no. 3, pp. 323-330, 2013.

H. Abdel-Jaber and B. Glisic, “Analysis of
the status of pre-release cracks in
prestressed concrete structures using
long-gauge sensors,” Smart Mater. Struct.,
vol. 24, 2015, Art. no. 025038.

J. P. Lynch and T.-C. Hou, “Conductivity-
based strain and damage monitoring of
cementitious structural components,” Proc.
SPIE—Int. Soc. Opt. Eng., vol. 5765,

pp. 419-429, 2005.

K. J. Loh, T.-C. Hou, J. P. Lynch, and

N. A. Kotov, “Carbon nanotube sensing
skins for spatial strain and impact damage
identification,” J. Nondestruct. Eval., vol. 28,
pp. 9-25, 2009.

M. Hallaji, A. Seppanen, and M. Pour-Ghaz,
“Electrical impedance tomography-based
sensing skin for quantitative imaging of
damage in concrete,” Smart Mater. Struct.,
vol. 23, 2014, Art. no. 085001.

ABOUT THE AUTHORS

Branko GliSi¢ received the bachelor degrees in
civil engineering (B.C.E.) and theoretical mathe-
matics (B.Math.) from the University of Belgrade,
Belgrade, Serbia and the Ph.D. degree from the

EPFL, Zurich, Switzerland.

After eight-year long experience at SMAR-
TEC SA, Switzerland, where he was involved in
numerous SHM projects,
ployed, first as an Assistant Professor, and cur-
rently as
Department of Civil and Environmental Engineering, Princeton Uni-
versity, Princeton, NJ, USA. He is an author and coauthor of more
than 100 published papers, short courses on SHM, and the book Fi-
bre Optic Methods for Structural Health Monitoring (New York, NY,
USA: Wiley, 2007). His vision is a ubiquitous and pervasive deploy-
ment of structural health monitoring (SHM) of civil structures and

an Associate Professor at

he has been em-

7 3
the

[12]

(13]

[14]

[15

[16]

(17]

(18]

119

[20]

[21]

[22]

T. Schumacher and E. T. Thostenson,
“Development of structural carbon
nanotube-based sensing composites for
concrete structures,” J. Intell. Mater. Syst.
Struct., vol. 25, no. 11, pp. 1331-1339,
Jul. 2014.

N. Sharp et al., “A bio-inspired
asynchronous skin system for crack
detection applications,” Smart Mater. Struct.,
vol. 23, 2014, Art. no. 0550205.

S. Laflamme et al., “Soft elastomeric
capacitor network for strain sensing over
large surfaces,” IEEE/ASME Trans.
Mechatron., vol. 18, pp. 1647-1654, 2013.

P. A. Withey, V. S. M. Vemuru, S. M. Bachilo,
S. Nagarajaiah, and R. B. Weisman, “Strain
paint: Noncontact strain measurement using
single-walled carbon nanotube composite
coatings,” Nano Lett., vol. 12, no. 7,

pp- 3497-3500, 2012.

D. Zonta et al., “Photonic crystals for
monitoring fatigue phenomena in steel
structures,” Proc. SPIE—Int. Soc. Opt. Eng.,
vol. 7292, 2009, Art. no. 729215.

N. P. Salowitz et al., “Microfabricated
expandable sensor networks for intelligent
sensing materials,” IEEE Sens. J., vol. 14,
no. 7, pp. 2138-2144, 2014.

Y. Hu et al., “High-resolution sensing
sheet for structural health monitoring via
scalable interfacing of flexible electronics
with high-performance ICs,” in Proc.
IEEE Symp. VLSI Circuits, Jun. 2012,

pp. 120-121.

S.-T. Tung, Y. Yao, and B. Glisic, “Sensing
sheet: The sensitivity of thin-film full-bridge
strain sensors for crack detection and
characterization,” Meas. Sci. Technol.,

vol. 25, no. 7, 2014, Art. no. 075602.

Y. Hu et al.,, “Large-scale sensing system
combining large-area electronics and CMOS
ICs for structural-health monitoring,” IEEE
J. Solid-State Circuits, vol. 49, no. 2,

pp- 1-12, 2014.

N. Verma et al., “Enabling scalable hybrid
systems: Architectures for exploiting
large-area electronics in applications,”
Proc. IEEE, vol. 103, no. 4, pp. 690-712,
Apr. 2015.

T. Someya, B. Pal, J. Huang, and H. E. Katz,
“Organic semiconductor devices with
enhanced field and environmental responses
for novel applications,” MRS Bull., vol. 33,
pp. 690-696, 2008.

(23]

[24]

(25]

[26]

(27]

[28

(29]

(30]

(31]

(32]

(33]

L. Zhou, S. Jung, E. Brandon, and

T. Jackson, “Flexible substrate
micro-crystalline silicon and gated
amorphous silicon strain sensors,” IEEE
Trans. Electron Devices, vol. 53, no. 2,
pp- 380-385, 2006.

T. Someya et al., “A large-area, flexible
pressure sensor matrix with organic
field-effect transistors for artificial skin
applications,” Proc. Nat. Acad. Sci., vol. 101,
pp. 9966-9970, 2004.

N. T. Jafferis and J. C. Sturm,
“Fundamental and experimental conditions
for the realization of traveling-wave-induced
aerodynamic propulsive forces by
piezoelectrically deformed plastic
substrates,” J. Microelectromech. Syst.,

vol. 22, no. 2, pp. 495-505, 2013.

Y. Qi et al., “Piezoelectric ribbons printed
onto rubber for flexible energy conversion,”
Nano Lett., vol. 10, pp. 524-528, 2010.

Y. Hu et al., “Self-powered system for
large-scale strain sensing by combining
CMOS ICs with large-area electronics,”
IEEE ]. Solid-State Circuits, vol. 49, no. 4,
pp. 838-850, 2014.

A. Coppe, R. T. Haftka, and N. Kim,
“Optimization of distribution parameters for
estimating probability of crack detection,”

J. Aircraft, vol. 46, no. 6, pp. 2090-2097,
2009.

Y. Yao and B. Glisic, “Sensing sheets:
Optimal arrangement of dense array of
sensors for an improved probability of
damage detection,” Struct. Health
Monitoring, vol. 4, no. 5, pp. 513-531, 2015.

Y. Yao and B. Glisic, “Detection of steel
fatigue cracks with strain sensing sheets
based on large area electronics,” Sensors,
vol. 15, pp. 8088-8108, 2015.

Y. Hu et al., “Flexible solar-energy
harvesting system on plastic with thin-film
LC oscillators operating above ft for
inductively-coupled power delivery,” in
Proc. IEEE Custom Integr. Circuits Conf.,
Sep. 2012, doi: 10.1109/CICC.2012.6330627.
B. Razavi, Design of Analog CMOS
Integrated Circuits. New York, NY, USA:
McGraw-Hill, 2001.

B. Hekmatshoar et al., “Highly stable
amorphous-silicon thin-film transistors on
clear plastic,” Appl. Phys. Lett., vol. 93,
2008, Art. no. 032103.

infrastructure, and his main areas of interest are SHM methods, ad-
vanced sensors based on fiber optics, large-area electronics and
conductive polymers, SHM data management and analysis, smart
structures, and heritage structures.

Prof. Glisi¢ received the 2013 SHM Person of the Year Award by the
editors and associate editors of Structural Health Monitoring: An Inter-
national Journal, as well as several other awards. He is Vice President
and Council Member of the International Society for Structural Health
Monitoring of Intelligent Infrastructure (ISHMII), Editor-in-Chief of ISHMII's

747 newsletter The Monitor, and member of several other professional asso-

ciations such as the American Concrete Institute (ACI), the International
Association for Bridge and Structural Engineers (IABSE), the American
Society of Civil Engineers (ASCE), the International Association for Bridge
Maintenance and Safety (IABMAS), etc., and journal editorial boards
(Advances in Structural Engineering, Structural Monitoring and Mainte-
nance, and Frontiers in Built Environment).

Vol. 104, No. 8, August 2016 | PROCEEDINGS OF THE IEEE 1527



Glisic¢ et al.: Strain Sensing Sheets for Structural Health Monitoring Based on LAE and Integrated Circuits

Yao Yao received the B.S. degree in civil engineer-
ing from Harbin Institute of Technology, China, in
2010 and the Ph.D. degree in civil engineering from
Princeton University, Princeton, NJ, USA, in 2015.

He is an author and coauthor of more than
30 published papers. His research interests include
structural health monitoring (SHM) and structural
analysis, SHM methods and strategies, fiber optic
sensors (FOS) and advanced sensing technologies
based on large area electronics (LAE).

Dr. Yao was awarded the China Civil Engineering Society Outstand-
ing College Graduate Award and the Princeton University Fellowship in
2010, was supported by the National Science Foundation to attend the
Asian-Pacific Summer School (APSS) in India in 2012, and was awarded
the Wu Prize for Excellence by Princeton University in 2014. He is a
student member of the American Society of Civil Engineers (ASCE) and
the International Society for Structural Health Monitoring of Intelligent
Infrastructures (ISHMII).

Shue-Ting E. Tung received the B.S. degree in engi-
neering in civil and environmental engineering from
Princeton University, Princeton, NJ, USA and the
M.S. degree in civil and environmental engineering
from Stanford University, Stanford, CA, USA.

She currently works in construction manage-
ment at Pankow Builders Ltd., a general contrac-
tor in California. During her time at Princeton,
she became interested in structural health moni-
toring and performed extensive junior and senior
research on direct sensing techniques, resulting is several journal pub-
lications and conference presentations.

Miss Tung is a recipient of Princeton’s The Tau Beta Pi Prize and
W. Mack Angas Prize.

Sigurd Wagner (Fellow, IEEE) received the Ph.D.
degree from the University of Vienna, Vienna,
Austria.

Following a Postdoctoral Fellowship at Ohio
State University, Columbus, OH, USA, he worked
from 1970 to 1978 at the Bell Telephone Labora-
tories in Murray Hill and Holmdel, NJ, USA, on
semiconductor memories and heterojunction
solar cells. He then joined the Solar Energy Re-
search Institute (now NREL), Golden, CO, USA, as
the founding Chief of the Photovoltaic Research Branch. Since 1980, he
has been Professor of Electrical Engineering at Princeton University,
Princeton, NJ, USA; in 2015 he became Professor Emeritus and Senior
Scholar. He has been developing fundamentally new materials, pro-
cesses, and components for flexible large-area electronics, electrotex-
tiles, and electronic skin, and is considered the father of soft elastic
electronics.

1528 PROCEEDINGS OF THE IEEE | Vol. 104, No. 8, August 2016

James C. Sturm (Fellow, IEEE) was born in
Berkeley Heights, NJ, USA, in 1957. He received
the B.S.E. degree in electrical engineering and
engineering physics from Princeton University,
Princeton, NJ, USA, in 1979 and the M.S.E.E. and
Ph.D. degrees from Stanford University, Stanford,
CA, USA, in 1981 and 1985, respectively.

In 1979, he joined Intel Corporation, Santa
Clara, CA, USA, as a Microprocessor Design Engi-
neer, and in 1981, he was a Visiting Engineer at
Siemens, Munich, Germany. In 1986, he joined the faculty of Princeton
University, where he is currently the Stephen R. Forrest Professor in
Electrical Engineering. From 1998 to 2015, he was the Director of the
Princeton Photonics and Optoelectronic Materials Center (POEM) and
its successor, the Princeton Institute for the Science and Technology of
Materials (PRISM). In 1994-1995, he was a von Humboldt Fellow at the
Institut fuer Halbleitertechnik, University of Stuttgart, Stuttgart, Germany.
He has worked in the fields of silicon-based heterojunctions, thin-film and
flexible electronics, photovoltaics, the nanobiointerface, 3-D integration,
and silicon-on-insulator.

Dr. Sturm has won over ten awards for teaching excellence and was
a National Science Foundation Presidential Young Investigator. In 1996
and 1997, he was the Technical Program Chair and General Chair of the
IEEE Device Research Conference, respectively. He served on the orga-
nizing committee of IEDM (1988 to 1992 and 1998 to 1999), having
chaired both the solid-state device and detectors/sensors/displays
committees. He has served on the boards of directors of the Materials
Research Society and the Device Research Conference, and cofounded
Aegis Lightwave and SpaceTouch.

Naveen Verma (Member, IEEE) received the
B.A.Sc. degree in electrical and computer engi-
neering from the University of British Columbia,
Vancouver, BC, Canada, in 2003 and the M.S. and
Ph.D. degrees in electrical engineering from
Massachusetts Institute of Technology, Cambridge,
MA, USA, in 2005 and 2009, respectively.

Since July 2009 he has been with the Depart-
ment of Electrical Engineering, Princeton Univer-
sity, Princeton, NJ, USA, where he is currently an
Associate Professor. His research focuses on advanced sensing sys-
tems, including low-voltage digital logic and SRAMs, low-noise analog
instrumentation and data-conversion, large-area sensing systems
based on flexible electronics, and low-energy algorithms for embedded
inference, especially for medical applications.

Prof. Verma serves on the technical program committees for 1SSCC,
VLSl Symposium On Circuits, and IEEE Signal-Processing Society
(DISPS). He is a recipient or corecipient of the 2006 DAC/ISSCC Student
Design Contest Award, the 2008 ISSCC Jack Kilby Paper Award, the
2012 Alfred Rheinstein Junior Faculty Award, the 2013 NSF CAREER
Award, the 2013 Intel Early Career Award, the 2013 Walter C. Johnson
Prize for Teaching Excellence, the 2013 VLSI Symposium Best Student
Paper Award, the 2014 AFOSR Young Investigator Award, the 2015
Princeton Engineering Council Excellence in Teaching Award, and the
2015 IEEE Transactions on Components, Packaging and Manufacturing
Technology Best Paper Award.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


